Abstract. Although human breast ducts and terminal ductal lobular units (TDLUs) share the same cell types, ample evidence shows that TDLUs are the predominant site for the origin of breast cancer. Yet, there is still limited information concerning the molecular mechanisms. Analysis of transcriptomic profiles in TDLUs may provide insight into early breast tumorigenesis. We compared genome-wide expression profiles of 8 matched sets of breast main duct and TDLU samples, using significance analysis of microarray (SAM) software to screen differentially expressed genes (DEGs) with fold-change >2.0 and q-value <0.05. Moreover, we used Gene Ontology for functional enrichment analysis. We identified 472 DEGs between the two tissue types, and confirmed 17 randomly chosen DEGs by quantitative reverse transcription-PCR (qRT-PCR). Notably, hormone-related pathways were highly enriched in the TDLU samples, including various hormone-related DEGs that are associated with breast carcinogenesis and tumor progression. Oncogenic upregulation in TDLUs indicates a potential inappropriate or excessive response to successive hormone stimulus during the proliferation, differentiation and lactation cycles of the human mammary gland. Imbalanced hormone reactions may finally result in the early onset of neoplastic transformation that occurs mostly in breast TDLUs.
Introduction
Breast cancer is the most common malignancy and the leading cause of cancer-related deaths among women worldwide. Morphologically, breast cancer can be classified as ductal carcinoma or lobular carcinoma. Although ductal carcinomas were initially thought to arise from the ductal system, current evidence shows that most benign and malignant breast lesions originate from the same anatomical compartment, the terminal ductal lobular units (TDLUs). Hyperplasic or atypical hyperplasic epithelia that line TDLUs are believed to be carcinoma precursor or premalignant cells. Histologically, a TDLU has both ductal and lobular components; premalignant TDLU cells can further develop to ductal or lobular carcinoma (1) (2) (3) (4) . The lobules are the milk-producing breast structures, of which the terminal lobules are the TDLUs (5) . Notably, TDLUs are predominant site of origin of breast cancer even though the ducts and TDLUs consist of the same general cell types.
Gene expression profiling can provide valuable information concerning carcinogenesis, classification, diagnosis and treatment of tumors, and has been widely used to investigate the molecular mechanisms of various cancer types, particularly for breast cancer in Western countries. However, most microarray studies of breast cancers have mainly focused on cancer itself (6) (7) (8) . Reports of microarray analyses of TDLUs and breast cancer etiology are scarce. For example, Tripathi et al compared gene expression profiles between histologically normal TDLU epithelium of breast cancer patients and cancer-free controls. They found that global gene expression abnormalities already existed in the non-cancerous epithelium of breast cancer subjects and in early stage carcinomas (9) .
The present study aimed to survey genes that are differentially regulated in breast TDLU tissues and main duct controls, using genome-wide expression profiling. A total of 472 differentially expressed genes (DEGs) were identified between the two groups. Notably, hormone metabolism and response pathways were highly enriched in the TDLU samples, including various hormone-related DEGs that are reportedly associated with malignant transformation and progression in breast cancers. The marked differences in transcriptomic patterns between the human breast duct and TDLU samples are likely to reflect differences in responses to microenvironment alteration. This study provides important clues to the hormone-driven carcinogenic process that starts in the TDLU, and may facilitate the development of novel targeted therapeutics for breast cancer.
Materials and methods
Clinical specimens. This study was approved by the Medical Ethics Committees of the Guangdong Women and Children's Hospital. Written informed consent was obtained from all participants. We collected 8 matched pairs of breast main duct and TDLU tissue samples from 8 premenopausal patients with benign papilloma who underwent surgical treatment.
Pathological examination was performed to confirm histological normalcy of the uninvolved tissues. The main ducts were extracted along with the blue blot after injection of 0.2 ml of methylenum caeruleum dye into the discharge hole during resection. The TDLU samples were collected by incising 2x2 mm sections of the non-blue-stained glandular tissue at the terminal of specimens. Immediately after collection, all samples were rapidly preserved in RNAlater RNA stabilization reagent (Qiagen, Inc., Chatsworth, CA, USA); a portion of each sample was used for histological analysis.
Global gene expression profiling. Briefly, total RNA was extracted using TRIzol reagent (Invitrogen, Gaithersburg, MD, USA) according to the manufacturer's instructions. RNA quality was assessed by formaldehyde agarose gel electrophoresis; RNA concentration was measured using spectrophotometry (Nanodrop, Wilmington, DE, USA). We then amplified and labelled 100 ng of total RNA of each sample using Agilent Low Input Quick Amp Labeling kit.
Fluorescence (Cy5 or Cy3) labeled cRNA was hybridized to Agilent human 8x60 K microarrays at 65˚C for 16 h in a hybridization oven. Hybridized slides were washed and scanned using an Agilent microarray scanner. Raw data of the obtained images were extracted using Agilent Feature Extraction software and analyzed using Agilent GeneSpring GX 11.5 software. The data were deposited in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession number GSE39021.
Quantitative reverse transcription-PCR (qRT-PCR) validation.
Briefly, up to 1 µg of DNase I-treated total RNAs per sample was reverse-transcribed into cDNA using oligo (dT) 12 and M-MLV reverse transcriptase (Life Technologies) following standard procedures. The derived cDNA was further amplified in triplicates using a LightCycler ® 480 Real-Time PCR system (Roche Applied Science). The 20-µl reaction mixture contained 1X PCR buffer (Mg 2+ Plus), 200 µM of each dNTP, 0.5 µM of the forward primer, 0.5 µM of the reverse primer (Table I) , and Eva Green Master Mix. PCR conditions consisted of 95˚C for 4 min; 45 cycles of 94˚C for 30 sec, 58˚C for 30 sec and 72˚C for 30 sec; followed by 1 cycle of 72˚C for 8 min. Relative quantification of expression was analyzed by the 2 -ΔΔCT method.
Statistical analysis. Genes were regarded as expressed and retained for further analysis if the probe intensities were >400 after global median normalization. DEGs were screened using two class unpaired analysis in the SAM software. Thresholds were set at a fold-change >2.0 and q-value <0.05. Significant enrichment of Gene Ontology (GO) terms was analyzed using hyper-geometric distribution in the R language software package. 
Results

Differential transcriptomic patterns between breast main duct and TDLU tissues. The anatomic sites of the breast main duct
and TDLUs are shown in Fig. 1 . Total extracted RNA from clinical samples was used for microarray analysis. A total of 472 mRNA transcripts were identified as being significantly differentially expressed. Supervised hierarchical clustering of the 472 DEGs showed distinct patterns between the breast duct and TDLU samples (Fig. 2 ). Among them, 230 genes were highly expressed in the TDLU tissues, and 242 genes were highly expressed in the main duct tissues. The significant enrichment analysis of GO terms for the DEGs using the R language package software showed that these 472 hits were involved in distinct biological processes. Notably, the top 6 pathways, hormone metabolic process, regulation of hormone levels, response to hormone stimulus, cellular hormone metabolic process, response to endogenous stimulus and steroid metabolic process, are implicated in hormone metabolism and response. As these genes are related and greatly overlap, we combined them into a 'hormone-related' pathway with a total of 18 genes (Table II) . by the microarray were highly consistent with the data from qRT-PCR, which confirmed marked differences in gene expression profiles between the two groups (Fig. 3) .
Discussion
Women undergo multiple cycles of growth and differentiation of mammary glands through their lifetimes. Although the basic structure of the mammary gland is composed of ducts and lobules, their phenotypes and gene expression patterns alter greatly with age and pregnancy. Considering that breast differentiation and development are relatively stable in multiparous women, premenopausal multiparous women were selected to analyze gene expression profiles of breast duct and TDLU tissues. Significantly different transcriptomes were identified between the two structures and confirmed by qRT-PCR, which indicated fundamental differences in physiological functions and biochemical processes. The breast is a hormone-dependent organ, and breast carcinomas are closely modulated by hormones, not only steroid hormones, but any chemical substances produced in the body with essential biological functions for life such as metabolism, growth, development, differentiation and reproduction. We found that 230 genes were highly expressed in the TDLUs, the functional units of the breast. Among the functions associated with these genes, the top 6 were related to hormone metabolism and hormone response. These hormone-related upregulated  genes included HMGCS2, UGT2B11, DHRS2, SERPINA6,  CA4, CYP26A1, FABP4, SCG5, CRYM, SERPINA1, FAM3B,  ADIPOQ, CA2, IGF2 , LEP, HSD11B2, EGR2 and ADCY1. Some of these are closely associated with tumorigenesis and cancer development, which suggests an explanation for the higher production of cancer cells in TDLUs.
The protein encoded by HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2 (mitochondrial), belongs to the HMG-CoA synthase family. It functions as a mitochondrial enzyme that catalyzes the first ketogenesis reaction in various hormonal and metabolic situations. Recently, Martinez-Outschoorn et al reported that fibroblasts that overexpress MGCS2 in tumor stroma effectively promote anabolic tumor growth, and its overexpression in MDA-MB-231 breast cancer cells markedly increased tumor development and metastatic capacity by driving increased mitochondrial biogenesis. Thus, the ketogenesis pathway is a potential target in cancer intervention and therapeutics. These results clearly indicate that HMGCS2 is a bona fide metabolic oncogene (10) . Here, HMGCS2 was the most highly upregulated gene (4.79-fold) in the TDLU samples, which may drive breast cancer development and progression via the ketone metabolism pathway.
Fatty acid binding protein-4 (FABP4) is encoded and found in adipocytes. Fatty acid binding proteins are a family of highly conserved, cytoplasmic proteins that bind long-chain fatty acids and play key roles in fatty acid uptake, transport and metabolism. The role of lipid metabolism in cancer has recently drawn great attention. FABP4 was found to be upregulated in omental metastases compared with primary ovarian tumors, using a protein array. FABP4 deficiency significantly inhibited tumor metastasis in mice, indicating its important role in ovarian cancer metastasis. This study showed that stromal adipocytes provide fatty acids for rapid cancer cell growth, suggesting that lipid metabolism could be a target in the treatment of cancer (11) . Substantially higher levels of serum FABP4 have been identified in breast cancer patients when compared with healthy controls, and FABP4 has been positively associated with tumor size and nodal status. These data demonstrate that high FABP4 levels are significantly associated with breast cancer risk and adverse tumor characteristics (12) . Similar correlations have also been determined in prostate cancer (13) . These findings are further supported by previous observations that FABP4 expression was the highest in the HER2-positive breast cancer subtype. FABP4 positivity was associated with significantly shorter disease-free survival and overall survival in triple-negative breast cancer (14) . Thus, selective inhibition of FABP4 may be a potential anticancer strategy for various breast cancer subtypes. The breast is an endocrine organ, consisting of adipose tissue, which can influence tumor growth or differentiation by adipose tissue-derived hormones.
Glucocorticoids have an anti-proliferative effect in many tumors including breast cancer cells (15, 16) . Hydroxysteroid (11-β) dehydrogenase-2 (HSD11B2) potently inactivates hormonally active glucocorticoids to comparatively less active metabolites. HSD11B2 has thereby been postulated to protect cells from the growth-inhibiting and or pro-apoptotic effects of glucocorticoids involved in the protein kinase A and protein kinase C signaling pathways (17) . Increased HSD11B2 expression has an obvious function in cells that acquire anchorage-independent growth and acinar-conformational disruption. A reduced HSD11B2 protein level by specific siRNAs resulted in diminished breast cell carcinogenesis (18) . Similarly, inhibition of HSD11B2 expression was found to suppress the proliferation of breast cancer PMC42 cells (19) . These results were further supported by detection of HSD11B2 overexpression in breast cancer cell lines and breast tumors, leading to an increased cell growth of 50-120% (20, 21) . Thus, HSD11B2 upregulation is postulated to have a proliferative role on breast cancer cells through impairment of the antiproliferative activity of glucocorticoids.
Leptin (LEP), an adipocyte-derived cytokine, plays a major role in the regulation of food intake, energy expenditure and body weight through the leptin receptor. It also has endocrine functions, and affects immune responses, hematopoiesis, angiogenesis and wound healing. Although leptin is mainly expressed by white adipocytes, it is also expressed by other tissues including mammary epithelial cells (22) . Leptin mRNA expression was significantly higher in breast cancer cells than that in non-cancerous tissues and increased expression of leptin and the leptin receptor were found during oncogenic transformation of benign cells (23, 24) . In addition, strong leptin protein expression was detected in most breast cancer cells but not in normal epithelium, using immunohistochemical staining (25) . Serum leptin levels have also been found to be highly elevated in breast cancer patients compared with levels in healthy controls (26) . Furthermore, an in vivo study showed that leptin directly contributed to the development of mammary tumors in a leptin-deficient mouse model (27) . These observations strongly suggest that leptin production is enhanced in mammary glands during tumorigenesis. Leptin increases anchorage-dependent breast cell proliferation, and may promote carcinogenesis and progression of breast cancer by activating pathways that include signal transducers and activators of transcription 3 (STAT3), extracellular signalregulated kinase (ERK) and transcript activator protein 1 (AP-1) (28) . Functionally blocking leptin signaling may be an effective approach to prevent and treat breast cancer.
The other upregulated genes in TDLU tissues have been shown to affect breast tumorigenesis and progression. Insulinlike growth factor 2 (IGF-2) is a mitogenic peptide hormone; its overexpression occurs in many cancer types and it is associated with poor patient prognosis. IGF-2 is thought to control normal cell growth and development, and stimulates breast cancer proliferation (29) (30) (31) . Adipocytes have been shown to secrete levels of IGF-2 that are sufficient to promote proliferation of MCF-7 breast cancer cells (32) . Approximately 20-30% of breast cancers show amplification and elevated expression of ErbB2 (i.e., HER-2), which is associated with poor clinical outcomes. Early growth response 2 (EGR2) is a zinc finger transcription factor. An EGR2 binding site is reportedly found within the ErbB2 promoter, and EGR2 is reportedly upregulated during ErbB2 + tumor induction (33) . Furthermore, overexpression of EGR2 has been reported in ErbB2-expressing breast cancer cell lines. These findings implicate EGR2-ErbB2 signaling in mammary tumor formation (34).
Large bodies of clinical and epidemiological evidence shows the critical role of hormones in mammary gland development and tumorigenesis (35, 36) . As women age, their breast lobules and TDLU structures regress. This results in reduced breast cancer risk. Conversely, a gradual increase in breast cancer risk is associated with increasing numbers of lobule units (37) . Obviously, enhanced oncogene expression in TDLUs sensitizes the lobular epithelium to the proliferative effects of successive hormone stimulus. Multiple accumulated genetic changes may drive a benign-malignant progression, finally resulting in the onset of breast cancer originating in the TDLU. Our findings should be verified by studies with larger cohorts.
In summary, we identified a cluster of upregulated genes involved in hormone metabolism and hormone stimulus response pathways in TDLU samples by global transcriptome analysis. Notably, the hormone stimulus of these elevated DEGs is potentially oncogenic, and may contribute to the greater incidence of breast carcinogenesis occurring in TDLU tissue.
